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Abstract
Trapped ions have emerged as a front runner in quantum information processing due to their
identical nature, all-to-all connectivity, and high fidelity quantum operations. As current trapped
ion technologies are scaled, it will be important to improve the efficiency of loading ions, especially
when working with long chains of ions or rare isotopes. Here, we compare two different
isotope-selective photoionization schemes for loading 138Ba+ ions. We show that a two-step
photoionization scheme ending in an autoionizing transition increases the ion loading rate nearly
an order of magnitude compared to an established technique which does not excite an autoionizing
state. Our novel photoionization scheme can be extended to all isotopes of barium. Given that
autoionizing resonances exist in every trapped ion species, exploitation of this process is a
promising pathway to increase the loading rates for trapped ion computers.

1. Introduction

Barium is a versatile quantum information carrier with the capacity to be used as an optical, metastable, or
ground-state qubit [1]. Additionally, barium has been demonstrated as a qudit, controlling and reading out
up to 13-levels [2] by taking advantage of its unusually long-lived metastable 5d 2D5/2 state [3]. The
flexibility of the atomic structure in barium and the visible wavelengths used to drive the electric-dipole
transitions are also attractive from a practical perspective [4]. All of these key features of barium, coupled
with extraordinary experimental state-preparation and measurement results [5–8] have captured the
attention of researchers and motivated the trapping of barium in the most sophisticated surface traps as a
front-running platform for quantum information processing [9–12]. Unfortunately, a caveat of working with
metallic barium is that it can oxidize within seconds when exposed to atmosphere, and specifically, the
radioactive 133Ba+ isotope can only be sourced as a salt and commonly used in microgram quantities. For
these reasons, the focus of this work is on maximizing the loading rate of barium to quickly generate long
chains of ions for quantum information processing utilizing laser ablation.

Typically, photoionization for trapping ions is done using resonance-enhanced multi-photon ionization
[13]. This can involve a resonant ‘first step’, using a laser that drives an electronic transition in the neutral
atom, along with a ‘second step’ using light that is sufficiently energetic to drive the electron from the excited
state to the unbound continuum. We choose to use two different lasers for photoionization since it allows a
small ionization volume to be defined, which reduces Doppler broadening and increases the
isotope-selectivity. Isotope shifts in the first step transition are generally large enough (>10 MHz) so that
only the target isotope of neutral atoms are excited and then ionized. Researchers have employed a variety of
different first steps in two-step photoionization schemes for the isotope-selective loading of barium such as
413nm and 554nm [14], as well as 791 nm [15]. We opt to use 554nm as our first step since it is a
strong-dipole allowed transition and decays almost entirely back down to the 6s2 1S0 state, which reduces the
amount of dark atoms produced when repumping lasers are not present. We outline two relevant parameters
for these first step transitions in table 1.
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Table 1. Comparison of first steps used to drive a transition in neutral barium between the ground state, 6 s2 1S0, and an excited
intermediate state, as part of a two-step photoionization process for loading Ba+. The branching ratio represents the likelihood that an
atom in the intermediate state will decay back to the ground state. In this work we use a 554nm laser as the first step to drive a strong
dipole-allowed transition, with a branching ratio almost entirely back down to the ground state.

λ (nm) Intermediate state Linewidth (MHz) 6s2 1S0 Branching ratio

413 5d6p3D1 9.15± 0.26 [16] 0.026(13) [16]
554 6 s6p1P1 19.02± 0.19 [16] 0.9966(0.2) [16]
791 6 s6p3P1 0.820± 0.050 [17] 0.38 [18]

Utilizing an autoionizing resonance for the second step can significantly enhance the photoionization
cross-section. For this reason, autoionizing resonances are routinely exploited in Sr+ experiments [19–21].
By contrast, previous work loading Ba+ has typically used a non-resonant second step during the
photoionization process (i.e. not ending in an autoionizing transition) [9, 22] or not utilized
photoionization at all [23]. Non-resonant photoionization schemes ionize an electron directly into the
continuum, while autoionizing schemes use a resonant transition to a quasi-bound state embedded in the
continuum, which can provide up to an order of magnitude higher experimentally measured
photoionization cross-sections [24]. This is advantageous considering the loading efficiency of an ion trap
has been shown to be proportional to the photoionization cross-section [25]. Another plausible method to
increase the loading rate of Ba+ in trapped ion experiments is with the use of magneto-optical traps [26, 27],
but this is more challenging due to the technical overhead and the large number of repumpers needed to
create a closed cooling cycle in neutral barium [28].

Autoionizing resonances can be found in the ionization spectrum of all elements with two valence
electrons, including barium. These resonances, which are found past the first ionization threshold, describe
states where the wavefunctions of the electrons have become correlated [29, 30]. They are the result of
interference between discrete states and the ionization continuum [31], and they are found as distinct peaks
in the photoionization cross-section. Typically, the resonance is characterized as a Fano-profile [24], allowing
useful information to be extracted from the measured cross-section. The energies and cross-sections of these
resonances can be calculated with multi-channel quantum defect theory analysis [32–34] or an eigenchannel
R-matrix method [35, 36]. The cross-sections have also been empirically measured [24, 37, 38].

If the photon energy h̄ω of the second step is tuned to a known autoionizing resonance, then the two
valence electrons will become doubly excited and enter a quasi-bound state Ba∗∗ embedded in the ionization
continuum with a lifetime, τ ≪ 1ns:

h̄ω+Ba
(
6 s6p1P1

)
→ Ba∗∗ → Ba+ + e−. (1)

In this manuscript, two different photoionization schemes are compared for isotope-selective loading of
138Ba+ ions. Each scheme is a two-step process with the first step using 554nm light to drive a strong dipole
transition between the 6s2 1S0 ↔ 6 s6p1P1 states. The second step for ionization uses either a non-resonant
photoionization scheme with 405nm light, or an autoionizing scheme with light near 390nm. We use
405nm as the second step in the non-resonant scheme since it has been demonstrated by multiple groups
due to the low cost of the laser [9, 22]. We use 390nm as the second step in the autoionizing scheme since
this, combined with 554nm, has yielded the largest experimentally measured photoionization cross-section
for barium [24]. There are many possible photoionization schemes that could be compared when trapping
Ba+. We choose to keep the first step of the photoionization scheme the same to more directly compare the
impact on Ba+ loading rates of varying the second step between a non-resonant transition and an
autoionizing transition. The two schemes are presented in figure 1(a). We observe a seven-fold increase in the
loading rate for 138Ba+ ions when using the autoionizing scheme compared with the non-resonant scheme.
Furthermore, the autoionizing scheme requires significantly lower intensity in the second step beam to trap
chains of 138Ba+, which reduces the likelihood of trap charging. The observed increase in loading rates is
consistent with the increase in the previous experimentally measured photoionization cross-sections of the
two compared photoionization schemes [24, 37, 38].

2. Experimental overview

The comparison of the two different photoionization schemes is conducted on a four-rod trap using
IonControl software [39]. These experiments are performed using laser ablation on a naturally abundant,
stable, salt (BaCl2) target in an isotope-selective manner trapping 138Ba+ [22]. Typically, VDC = 7− 9V
are applied to the needles, providing axial confinement of the ions. The voltage applied to the rods is
|VRF| ≈ 230V delivered at ΩRF = 2π × 20.772MHz by a helical resonator [40]. A pair of diagonal rods also
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Figure 1. (a) Comparison of the two different photoionization schemes in the text, with the previously measured cross-sections
σ390 and σ405 [24]. Each scheme uses the exact same first step, exciting neutral barium to the 6 s6p1P1 state. The second step
varies depending on the scheme, either ending in an autoionizing resonance or somewhere in the continuum not resonant with a
specific transition. The autoionizing state is represented by a line in the continuum. Other commonly used schemes for
photoionizing barium are depicted for comparison. (b) Experimental overview of the trap and beam geometry. The trap needles
are separated by 2.8mm and the rods are spaced by 1mm. The 554nm beam is orthogonal to the atomic plume to reduce Doppler
broadening and also orthogonal to the second ionization beam (either 390 or 405nm) to reduce the ionization volume and thus
trap charging. (c) A chain of thirteen 138Ba+ ions trapped with a single ablation pulse using the autoionizing scheme. The outer
ions sit far from the center of the beam, causing them to be dim compared to the center ions. Each pixel is≈2µm.

has an additional VDC = 3V applied. The secular radial frequencies for ωx,y are≈2π × 1.2MHz and
2π × 1.4MHz, respectively, and the axial frequency ωz is≈ 2π × 100kHz.

There are three relevant beam paths, as depicted in figure 1(b). The first beam path is comprised of
linearly polarized 493, 554, and 650nm light focused to a beam waist of∼31, 35, 41µm (1/e2 radius),
respectively. This path provides Doppler cooling via 493nm using the 6s2S1/2 ↔ 6p2P1/2 transition, with
650nm light used to repump 5d2D3/2 → 6p2P1/2. The 554nm laser is also in this path and it is used to drive
the first step in the photoionization process. The typical laser powers are 110± 3, 15± 1, and 210± 6µW for
the 493, 554, and 650nm beams, respectively.

The second beam path consists of linearly polarized 390 or 405nm light, as well as 614nm light. This
path intersects with the first beam path at the center of the trap. During any given experiment either 390nm
or 405nm is used as the second photoionization step, but never both. In Ba+, the 5d 2D5/2 state is populated
within a few seconds of exposure to the 390nm laser because the 390nm beam is detuned by<1nm from the
6p2P1/2 → 6d2D3/2 transition. This can decay to 5d 2D5/2, so the 614nm laser is used to repump
5d 2D5/2 → 6p2P3/2. The 614nm beam carries 7± 1µW of power. It should be noted that the 614nm laser is
not necessary if the 390nm beam is shuttered shortly after trapping. In this set of experiments, the 390nm
beam was not shuttered so the 614nm laser was required for efficient cooling and ion detection. The beam
waists were∼34µm and∼35µm for the 390nm and 405nm beams, respectively. The powers of the 390nm
and 405nm beams vary depending on the experiment, but we only observe trapping above 150µW in this
setup using either laser.

As shown in figure 1(b), the third and final beam consists of only the 532nm ablation laser. This is a
nanosecond pulsed, flash-lamp pumped, Nd:YAG laser, capable of delivering up to 10mJ of pulse energy,
although we operate at much lower pulse energies, around 138µJ. The beam waist of the ablation laser is
98µm. Upon hitting the ablation target, this laser pulse causes sublimation of the BaCl2, generating a vapor
of atomic barium. The ablation target is oriented such that the surface norm is directed towards the trap
center, which is 14.6mm away [22]. The target contains 40− 50mg worth of BaCl2.

The 405nm laser is a fiber-pigtailed Cobolt 06-MLD from HÜBNER Photonics GmbH. The 390nm laser
is a tunable Littrow laser from MOGLabs. Neither of the second step lasers were frequency locked. The
frequencies of the first step for each isotope have already been measured in previous works [22]. The 554nm
light used to drive the first step transition is a frequency-doubled 1107nm Cateye laser from MOGLabs. For
trapping 138Ba+, the 554nm laser is locked to 541.43304THz. For most experiments, the 493nm, 614nm,
and 650nm lasers were locked to 607.42599THz, 487.98967THz, and 461.31212THz, respectively. Based on
the frequency of the first step and previously measured photoionization cross-sections [41], where the
autoionizing resonance occurs 5.420 32 eV above the 6s2 1S0 state, the theoretical optimal target frequency
for the 390nm laser is calculated to be ν390 = 769.19388THz. The resonance is>50GHz wide, which
exceeds the mode-hop free tuning range of the 390nm Littrow laser, so no attempt was made to rigorously
quantify the loading rate as a function of frequency. In practice, the 390 nm laser was simply tuned to
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ν390 ± 19GHz, and a significant increase in the loading rate of 138Ba+ was observed, which is detailed in the
following sections.

For ablation loading of the ion trap, the following experimental procedure is employed:

(i) The RF and DC trap voltages are turned on and the laser frequencies are set for 138Ba+. The trap
potential and DC voltages are kept on when trapping.

(ii) The ablation laser sends a single pulse to the target. Approximately, 10− 15µs later, the majority of the
atomic flux reaches the trapping region where the atoms either pass through or are photoionized by the
two-step process.

(iii) Doppler cooling sweeps are implemented in order to cool and crystallize hot ions that may have been
trapped. This is done by red-detuning the 493nm cooling beam 100− 500MHz and sweeping within
five seconds back to the previously stated lock point. This corresponds to a detuning of 5− 25× γ493,
the natural linewidth transition.

(iv) Steps (ii)–(iii) are repeated until an ion is trapped.

Fluorescent light from neutral atoms and ions is collected by a 0.26 NA home-built objective and sent to
either a photo-multiplier tube (H10682-210) or a charge-coupled device (BFLY-PGE-05S2M-CS). Typically,
experiments were run with light being sent to the photo-multiplier tube to quickly determine whether an ion
had been trapped. To count how many ions were trapped, the collected light is sent to the charge-coupled
device to image the ion chain, as shown in figure 1(c).

3. Results

3.1. Loading saturation & fluence experiments
The following section compares the loading rates of the two photoionization schemes as the second step
power is varied, thus changing the intensity experienced by the neutral atoms. We find that the loading rate
saturates in the autoionizing scheme at lower intensities compared to the non-resonant scheme. Similarly, we
vary the ablation laser power and find that the autoionizing scheme can load ions with significantly lower
ablation fluence. Typically, we work with intensities on the second-step photoionization beam up to
∼75Wcm−2. In this regime, if the second-step frequency is not resonant with an autoionizing transition, the
photoionization cross-section is so small that the loading rate scales linearly with second-step laser intensity.

The loading rates of 138Ba+ (ions/pulse) as a function of intensity for both photoionization schemes are
depicted in figure 2(a). Below 10Wcm−2 the autoionizing and non-resonant photoionization schemes
converge to a loading rate of zero. But at higher intensity, the loading rate saturates when utilizing the
autoionizing transition and significantly outperforms that of the non-resonant scheme. Saturation of the
loading rate using the autoionizing transition occurs at∼63.7Wcm−2 with a loading rate of roughly 5
ions/pulse. Based on a linear fit, the non-resonant scheme would require an intensity of∼630Wcm−2 to
achieve a similar loading rate.

The loading saturation intensity parameter Ilsat can be calculated using the fitted Fano linewidth
parameter Γ≈ 60.4± 1GHz [24],

Ilsat =
h̄ω3Γ

4π c2
≈ 63.7Wcm−2 (2)

where c is the speed of light and ω = 2π · 769.193THz is the measured angular frequency of the light. Our
results agree well with the calculated saturation parameter, as shown in figure 2(a). The ablation laser pulse
fluence was kept constant throughout the loading saturation experiments at 0.45± 0.01Jcm−2.

Figure 2(b) shows the loading rate of 138Ba+ as a function of ablation laser fluence. The ablation laser
fluence experiments were conducted with∼53± 3Wcm−2 and∼66± 2Wcm−2 average intensity for the
405nm and 390nm beams, respectively. As the laser fluence increases so does the amount of neutral atoms
and ions produced. If the fluence is too low, loading can be difficult, but if it is too high, ions can be trapped
directly [22]. There are three main regions considered when conducting the ablation loading experiments.
Region I (<0.3Jcm−2) is a region of low laser fluence in which there is minimal loading of 138Ba+ ions. We
were not able to load in this region using the non-resonant scheme after 100 attempts; however, we were able
to successfully load after 53 attempts using the autoionizing scheme. Region II (0.3− 0.45Jcm−2) is the ideal
operating fluence for trapping, since it produces enough neutral atom flux to trap in an isotope-selective
manner, but not enough ablation-produced ions to load directly. Region III (>0.45Jcm−2) is a region of
high fluence which produces a significant amount of ions from the ablation process itself, drastically
reducing isotope-selectivity since ions can be loaded directly into the trap. These regions are not hard limits,
but act mostly as guidelines for these experiments.
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Figure 2. (a) Loading rates of 138Ba+ as a function of intensity in the second step laser. The calculated Ilsat of the autoionizing
transition is denoted by the dashed line. The fit to the autoionizing transition assumes the loading rate follows an exponential of
the type f(x) = a(1− e−b·x), where a≈ 7.097 ions/pulse and b≈ 0.015cm2W−1 are fitted constants and x is intensity in
Wcm−2 [37]. The fit predicts f(1/b)≈ 4.5, which agrees well with the calculated loading saturation parameter f(Ilsat)≈ 4.4. The
fit to the non-resonant 405nm loading rate is linear. The error bars represent the standard error of the mean. The ablation fluence
was∼0.45Jcm−2. The 390nm laser frequency was tuned to 769.19388± 0.019THz. (b) Loading rates of 138Ba+ as a function of
ablation fluence. We operate primarily in Region II. The regions are described further in the text. The intensity of the second step
photoionization beam is∼53.5Wcm−2 for these measurements. The lines act simply as visual guides. The 390nm laser
frequency was measured to be 769.20905± 0.00040THz.

3.2. Optimized loading rates
In this section, we compare the loading rates of 138Ba+ with ideal and similar laser parameters. For these
experiments, the ablation fluence was set to 0.45Jcm−2 and the average intensities of the second step 405 and
390nm photoionizing beams were I405 ≈ 56± 7Wcm−2 and I390 ≈ 65± 12Wcm−2. The intensities used in
the experiments were chosen such that the loading rate using the 390nm laser would be saturated.

The likelihood of trapping long chains of 138Ba+ was greatly increased using the autoionizing scheme,
which is evident by the increase in the average ions per pulse. Roughly one out of five attempts succeeded in
trapping using the non-resonant scheme, while nine out of ten attempts succeeded using the autoionizing
scheme. The average loading rates with the standard deviation are R405 = 0.43± 0.81 ions/pulse and
R390 = 4.48± 2.75 ions/pulse using the non-resonant and autoionizing schemes, respectively. These rates are
compared in figure 3. The median ions trapped per pulse is 0 ions for the non-resonant scheme and 4 ions
for the autoionizing scheme.

The loading rates quoted above cannot be directly compared to infer the enhancement from the
autoionizing resonance, because the intensities of the second-step lasers and the quantity of neutral atoms
produced during ablation were not identical across both sets of experiments. During the loading
experiments, we monitor the rate of fluorescence at 554nm after each ablation laser pulse, as a proxy for the
flux of neutral barium atoms. We observed higher neutral atom flux for the experiments conducted with the
autoionizing scheme than with the non-resonant scheme (up to 39.5% higher fluorescence counts at
554nm), which we attribute to natural variations in the number of ablated atoms. We make the simplifying
assumption that the probability of trapping is proportional to both the neutral atom flux and the average
second-step intensity, when the ionization rate is far from saturation [22]. Thus, we estimate that the loading
rate using 405nm would have been R ′

405 ≈ 0.66 ions/pulse, if the neutral atom flux and second-step laser
power had been identical to those in the 390nm experiments. We therefore calculate that the increase in
loading rate of 138Ba+ using the autoionizing scheme is a factor of R390/R ′

405 ≈ 6.8. This compares well with
the ratio of photoionization cross-sections, which have previously been measured as
σ390/σ405 = 520Mb/75Mb≈ 6.9 [24] and 550Mb/60Mb≈ 9.2 [38].
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Figure 3. Histogram of the loading rates of 138Ba+, where each event is a single ablation pulse and trapping attempt. The average
loading rate using the autoionizing scheme is R390 = 4.48± 2.75 ions/pulse and the average loading rate using the non-resonant
scheme is R405 = 0.43± 0.81 ions/pulse. There are 265 and 266 trapping attempts for the non-resonant and autoionizing scheme,
respectively. The inset shows the probability of loading using the autoionizing scheme fitted to a Poisson distribution. The 390nm
laser frequency was tuned to 769.19388± 0.018THz.

4. Discussion

The demonstrated autoionizing scheme using 554 and 390nm lasers retains the isotope-selectivity previously
presented in [22], since it utilizes the same first step, which is the isotope-selective step in the
photoionization process. We conducted a brief study to confirm this, where 478 ions (minimum of two
138Ba+ ions in the chain, a total of 114 unique ion chains) were analyzed for dark or dim ions, which indicate
the presence of other ion isotopes besides 138Ba+. We found that only 8 ions in all of these chains were other
isotopes. This puts a maximum bound on the isotope-selectivity for 138Ba+ of 98%, which is consistent with
previous studies [22]. To achieve high loading rates, the first transition in the ionization sequence is usually
power broadened significantly, which limits isotope selectivity [22]. Thus, using this more efficient
autoionizing scheme and lowering the power of the first step laser may allow for better isotope selectivity
with similar loading rates in the future.

We briefly investigated the loading rates of the 137Ba+ isotope with the autoionizing scheme. A significant
increase in the loading rate, with a factor of at least 5, was immediately apparent for the autoionizing scheme.
However, we did not make a controlled quantitative comparison between the two schemes for this isotope.
This photoionization scheme can also be applied to 133Ba+ since the autoionizing transition is broad enough
that it makes any isotope shifts between 138Ba+, 137Ba+, and 133Ba+ negligible.

The linewidth of the measured autoionizing resonance is∼60GHz, but we found a considerable increase
in the loading rate even when the frequency of the 390nm laser was>100GHz detuned from the ideal
frequency for driving the transition calculated to be at 769.19388THz. So in practice, tuning anywhere near
this resonance can result in a significant increase in the loading rate. In fact, the autoionizing transition is so
broad that precision control of the laser frequency and linewidth are not required. However, under optimal
conditions, exploiting autoionizing resonances can ionize atoms with ionization efficiencies near 100% [42].

There are many autoionizing resonances embedded in the first ionization continuum of barium that can
be used for efficient photoionization. Assuming 554nm is the first step in a two-step photoionization
scheme, the best second step is to utilize the strongest autoionizing resonance, as this will most efficiently
ionize the neutral atoms and allow for lower intensities to be used. Other possible autoionizing states that are
easily accessible from the intermediate 6 s6p1P1 state are outlined in table 2.

There are other first steps that can be used besides 554nm to drive to an intermediate state before
exciting an autoionizing state embedded in the continuum. This includes, but is not limited to, the 5d6p3D1

state driven with 413nm light [43] and the 6 s6p3P1 state driven with 791nm light [38]. The strongest
resonance in the photoionization cross-section utilizing the 6 s6p3P1 intermediate state has been measured to
be 102± 15Mb using 340nm as the second step [38]. This is a significantly strong resonance, but its
cross-section is still considerably lower than the 550Mb cross-section using 6 s6p1P1 as the intermediate state
with 390nm, which is demonstrated in this manuscript. There are also considerable resonances in the
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Table 2. Comparison of some previously measured autoionizing resonances when using 6 s6p1P1 as the intermediate state. Other
intermediate states can be used, but the strongest experimentally measured photoionization cross-section of barium utilizes 6 s6p1P1 as
the intermediate state. The energy is relative to the 6s2 1S0 ground state.

Wavelength (nm) Cross-section (Mb) Autoion. State [41] Energy (eV) [24]

380.75 ≈ 300 [24] 5d3/29d(J= 0) 5.49 549
384.33 ≈ 290 [24] 5d3/29d(J= 1) 5.46 516
389.74 550 [24], 520± 78 [38] 5d5/28d(J= 1) 5.42 032
402.92 370 [24], 300± 45 [38] 5d3/28d(J= 1) 5.31 629

photoionization spectrum of barium using 5d6p3D1 as an intermediate state, for which relative
cross-sections have been measured [43].

5. Conclusion

We have demonstrated an efficient isotope-selective photoionization scheme for trapping barium ions
utilizing an autoionizing resonance, motivated by the 137Ba+ and elusive 133Ba+ isotopes. The increase in
loading rates (ions/pulse) compared with previous ablation studies are consistent with previously measured
photoionization cross-sections of barium and equate to a seven-fold enhancement in the loading rate of
138Ba+ ions. This photoionization scheme will aid in the consistent trapping of long chains of barium ions
and will help enable NISQ era devices to be built based on rare isotopes like 133Ba+. Furthermore, the
demonstrated advantage of using autoionizing resonances allows researchers to efficiently ionize neutral
atoms at significantly lower intensities, reducing the risk of trap charging.
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